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ABSTRACT: Polymerized ionic liquids (PILs) are single-ion conductors in which one of the 
ionic species is tethered to the polymer chain while the other is free to be transported. The ionic 
species can either be directly incorporated into the polymeric backbone (backbone PILs) or 
placed as pendant groups to the chain (pendant PILs). Here, we examined the morphology, 
conductivity, and rheology of imidazolium-based pendant and backbone PILs. We found that 
pendant PILs yielded higher ionic conductivity when scaled to Tg, but backbone PILs exhibited 
higher ionic conductivity on an absolute temperature scale, likely due to differences in the Tgs 
of the two systems. We also found that ion transport for backbone PILs was coupled to the 
segmental dynamics even below Tg where the decoupling of ionic conductivity from segmental 
relaxation was observed for pendant PILs. The results of this study will help the community to 
better understand the role of PIL structure on conductivity to work towards the ultimate goal 
of designing high-performance solid polymer electrolytes. 
Key Words: Polymerized ionic liquids; dielectric relaxation spectroscopy; charge-transport; 
ionenes; polyelectrolytes  
 
1. Introduction  
Today’s ever-growing energy demands and push towards new energy technologies 
have led to an increased need for improved electrolyte materials in applications such as lithium-
ion batteries and dye-sensitized solar cells. Thus far, ionic liquids (ILs) have been used as 
electrolytes for a variety of electrochemical systems, because of their high conductivity and 
thermal stability.1-3 However, the leakage issues that are often prevalent with ILs have 
motivated the search alternative electrolytes. In the past decade, there has been a concerted 
effort to incorporate ion-conducting polymers into a variety of energy conversion and storage 
devices due to their mechanical stability and ability to conduct ions in the solid or semi-solid 
state. Polymerized ionic liquids (PILs) are single ion conductors, in which one of the ionic 
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species is fixed to the polymer chain while the other (counter-ion) is nominally free to be 
transported.4 In common synthetic designs, the ionic species can either be directly incorporated 
into the polymeric backbone (ionenes, or backbone PILs) or placed in pendant groups on the 
side chain (pendant PILs).5 At temperatures greater than the glass transition temperature of the 
material, conductivity in PILs is typically coupled to segmental motion and attained by hopping 
of counter-ions between ionic sites due to segmental motion of the polymer chain.6-8 However, 
in order to ultimately serve as a viable solid-state alternative to traditional liquid electrolytes, 
PILs must also be sufficiently conductive below their respective Tg. Sangoro et al.
9 have studied 
conductivity and structural dynamics in pendant imidazolium-based PILs, observing 
conductivity (10-8 S/cm) below the glass transition temperature. In this temperature range, the 
motion of the polymer chain is “frozen”, and the ion movement is attributed to the continued 
mobility of the counter-anions from decoupling. Although ion mobility in the solid state below 
Tg is possible, substantial conductivity needed for practical applications is difficult to achieve 
without polymer chain segmental movement. Therefore, the fundamental mechanisms required 
to improve low ion transport rates inherent in glassy polymers and the influence of structure 
need to be better understood in PILs.  
Hall et al.10 performed early work using molecular dynamic simulations of ionomer 
melts that compared the scattering peak of ionomer melts with precisely placed charges placed 
within the polymer chain (ionenes) and pendant to the polymer backbone. Ionenes were found 
to have a more percolated path for charge transport, attributed to the charges being fixed along 
the polymer chain whereas pendant-type ionomers were found to form discrete ionic aggregates 
that hindered ion transport. These aggregates were anticipated to substantially lower ionic 
conductivity compared to the ionenes, which was confirmed by subsequent experimental 
studies. Evans et al.5 investigated the impact of positioning the charged group along pendant 
positions and along the organic backbone for PILs. It was found that a backbone PIL (Tg: -35 
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°C) yielded a ten-fold increase in Tg-normalized ionic conductivity compared to their pendant 
PIL (Tg: 16 °C), possibly arising from the difference in morphology accompanying the 
placement of the charged group in the polymer backbone leading to a more percolating pathway 
for conduction.  However, there were polar linkers in the pendant PIL structures of Evans et 
al., which could have a major influence on the observed conductivities in terms of ion-specific 
effects outside of Tg effects. Imrie et al.
11 compared the conductivities of ethylene oxide-based 
pendant and backbone polyelectrolytes and found that sub-Tg ionic conductivity arose in the 
polyelectrolyte samples with pendant groups due to stiffening of the backbone from the 
addition of the isophthalic ester link units on the side groups. This stiffening prevented the 
formation of ethylene oxide coils that could potentially trap counter-cations at lower 
temperatures, inhibiting conductivity.  
Research efforts have also been dedicated to mapping and understanding the impact of 
molecular structure of P-PILs on the ion transport mechanism.9,12-26 The ion transport for P-
PILs was found to be governed by the cation-anion interaction,27-29 chain packing,30-32 and 
counter-ion size.33,34 The underlying mechanism of the decoupling behavior has been studied 
by Sokolov and coworkers. They found that the degree of decoupling increases when 
increasing the fragility of polymers. Furthermore, Stacy et al.35 have very recently reported that 
the competition between Coulombic and elastic forces, which depends on the counter-ion size, 
determines the activation energy for the ion diffusion in the glassy P-PILs. Salas-de la Cruz et 
al.22 studied PIL structure as a function of alkyl length and temperature using wide-angle X-
ray scattering techniques. They found a correlation between backbone-to-backbone distance 
and ionic conductivity. Counter-ion size is another critical factor in determining ion transport 
since smaller ions tend to exhibit higher mobility. Iacob et al.34 have found that the size of the 
counter-anion results in a four orders of magnitude difference in the glass transition 
independent ionic conductivity for a broad series of imidazolium based pendant PILs. Despite 
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extensive work on the relationship between morphology and ionic mobility in pendant PILs, 
there has not yet been a cohesive study on examining how this relationship might change for 
different polymer chemistries of pendant and backbone PILs, and how the insights of structure 
may be convoluted with specific ion interactions, segmental mobility, and Tg effects. The 
objective of the present study is thus to investigate both the impact of PIL chemical structure 
on the ionic conductivity and relaxation mechanisms of pendant and backbone PILs that are 
based on imidazolium cations and aliphatic backbones. 
We used X-ray scattering to quantify correlation lengths, dielectric relaxation 
spectroscopy to measure the ionic conductivity and peak relaxation frequencies for ionic 
motion, as well as rheology to quantify peak relaxation frequencies for segmental motion of 
backbone and pendant PILs in the amorphous state. We found that pendant PILs yield 
substantially higher Tg-normalized conductivity compared to their equivalent backbone 
counterparts, while the backbone PILs under investigation yield higher conductivity on an 
absolute temperature scale. By comparing dielectric and rheological relaxation frequencies, we 
have also found that the ion transport for backbone PILs is coupled to the segmental dynamics 
even below Tg where the decoupling is observed for pendant PILs. The comparisons from this 
work will assist in developing a deeper understanding of ion transport in PILs and ultimately 
help pave the way towards maximizing conductivity in next-generation polymer electrolytes.  
2. Experimental  
Materials 
Imidazole, 1,5-dibromo-3-methylpentane, dimethyl sulfoxide (DMSO), lithium 
bis(trifluoromethanesulfonyl)imide (Li-TFSI), lithium nonafluorobutanesulfonate (Li-NfO), 
and silver nitrate (AgNO3) at 0.1 M in an aqueous solution were purchased from Wako Pure 
Chemicals, Japan. Sodium bicarbonate (NaHCO3) was purchased from Kishida Chemical Co., 
Ltd., Japan. Lithium 1,1,2,2,3,3-hexafluoropropane-1,2-disulfonimide (Li-CPFSI) was 
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purchased from Tokyo Chemical Industry Co., Ltd., Japan. These materials were used as 
received. Deionized water (DI water) with a specific resistance higher than 16 M-cm was 
obtained using an Elix system (Japan Millipore, Japan) and used as a pure water. 
Synthesis 
 
Figure 1: Chemical structures of the aliphatic imidazolium-based backbone and pendant PILs 
and varying counter-anions in this study.  
 
Scheme 1. Synthesis of backbone PILs with different counter-anions via the counter-ion 
conversion method proposed by Marcilla et al.36,37 The synthesis of pendant PILs is provided 
in our previous work.34 
Figure 1 shows the chemical structures of the backbone and pendant PILs in this study. 
Scheme 1 summarizes the synthetic protocol for backbone PILs with different counter-anions: 
bis(trifluoromethanesulfonyl)imide (TFSI), 1,1,2,2,3,3-hexafluoropropane-1,2-disulfonimide 
(CPFSI), and nonafluorobutanesulfonate (NfO). The step-growth polymerization was 
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conducted by quaternizing imidazole (7.04 g) with 1,5-dibromo-3-methylpentane (25.2 g) in 
DMSO (34.0 mL) at 80 °C under a nitrogen atmosphere. Two molar equivalents of NaHCO3 
(8.69 g) were added to 1,5-dibromo-3-methylpentane to promote the polymerization through 
neutralization of the side product, hydrogen bromide. After polymerization, the obtained 
precipitate was dialyzed in a mixture of methanol and water (1:1 in volume percent) for 3 days 
using a dialysis tube (Spectra/Por 2, Spectrum Laboratories, Inc., USA) with a nominal 
molecular weight cutoff of 12000–14000 Da to eliminate the unreacted imidazole and 1,5-
dibromo-3-methylpentane. The resultant solution was dried via freeze-drying, in which the 
dialyzed solution was evaporated under vacuum conditions at room temperature for 6 hours to 
remove the methanol. Next, approximately 10 mL of water was added into the solid sample 
which was then pre-frozen in a flask. The flask was then connected to a custom-made vacuum 
line and freeze-dried at room temperature for 15 hours. Backbone PILs with bromides as 
counter-anions (B-Br, 2.08 g) were obtained in powder form. Hereafter, we refer to a backbone 
PIL with counter-anion X as B-X.  
B-PILs with different counter-anions were prepared by using the counter-ion 
conversion method proposed by Marcilla et al.36 In one example, B-TFSI was prepared by 
slowly titrating an aqueous solution containing Li-TFSI (1.95 g) into an aqueous solution 
containing B-Br (0.467 g). The mixture was stirred for at least 1 day at 25 °C. The counter-ion 
conversion was immediately performed after titrating the aqueous solution of Li-TFSI, 
resulting in the precipitation of B-TFSI. The precipitate was washed with DI water until the 
filtrate remained transparent when adding an aqueous solution containing 0.1 M of AgNO3. 
The molar ratio, 𝑀r, of lithium salt to B-Br was chosen as 𝑀r = 3. The purity was confirmed 
by elemental analysis (CHN coder MT-6, Yanako, Inc.), and the exchange rate was found to 
be almost 100%. Elem. Anal. Calcd for C11H15N3O4S2F6 (B-TFSI) (wt%): C, 30.62; H, 3.51; 
N, 9.74. Found (wt%): C, 30.76; H, 3.53; N, 9.67. Calcd for C13H15N2O3S1F9 (B-NfO) (wt%): 
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C, 34.67; H, 3.36; N, 6.22. Found (wt%): C, 32.72; H, 3.39; N, 6.22. Calcd for C12H15N3O4S2F6 
(B-CPFSI) (wt%): C, 32.50; H, 3.42; N, 9.48. Found (wt%): C, 32.72; H, 3.41; N, 9.39. The 
preparation of pendant PILs is summarized in our previous study.34 Hereafter, we refer to a 
pendant PIL with counter-anion X as P-X.  
Characterization 
I. Differential Scanning Calorimetry (DSC) 
Thermal analysis was performed using a TA Instruments (New Castle, DE) Q2000 
differential scanning calorimeter. Samples of 3-7 mg were placed in T-zero aluminum hermetic 
pans and heated at 5 °C per minute in a dry nitrogen environment (50 mL/min). The glass 
transition temperature was determined during the second heating cycle and evaluated as the 
midpoint of the heat capacity change. The melting temperature was determined from the first 
heating cycle as the minimum of the endothermic peak, for the purpose of maintaining similar 
thermal history as samples used in X-ray scattering. 
II. X-ray Scattering (WAXS/SAXS) 
The wide/small angle X-ray scattering experiments were performed on a laboratory 
beamline (Xeuss 2.0 HR, Xenocs, France) using a GeniX3D microfocus sealed tube Cu beam 
source with an X-ray wavelength of 1.54 Å and power settings of 50 kV and 0.6 mA.  Full two-
dimensional scattering patterns were collected using a Pilatus3 R200K detector, with sample 
to detector distances of approximately 156 mm for WAXS and 2473 mm for SAXS data 
collection. Samples were placed in a rubber O-ring with affixed Kapton windows to prevent 
leakage, and then placed in a Linkam (Tadworth, England) HFSX350 heating stage for 
temperature control. Samples were heated at a rate of 10 °C/minute and allowed to reach the 
desired temperature for 15 minutes before collecting data for 1 hour and 30 minutes. Due to 
crystallization in the B-PILs, the samples were heated above the melting point of the respective 
B-PIL (See Table I). The scattering patterns were collected using silicon scatter-less slits for 
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collimation (1.2 and 0.8 mm for WAXS; 0.6 and 0.5 mm for SAXS), and integrated over a 
tilted circle profile using Foxtrot 3.3.4 software (Xenocs, Soleil Synchrotron) to convert 2D 
images into one-dimensional scattering data of scattering intensity I(q) (in arbitrary units) 
versus q (scattering vector in Å-1). 
III. Densitometry 
The densities, d, were determined at room temperature using a high-precision helium 
pycnometer (AccuPyc II 1340, Micrometrics Instrument). The detailed method was provided 
in our previous report.38 The obtained d was 1.66 g cm−3 for B-CPFSI, 1.54 g cm−3 for B-TFSI, 
1.58 g cm−3 for B-NfO, 1.57 g cm−3 for P-CPFSI, 1.52 g cm−3 for P-TFSI, and 1.57 g cm−3 for 
P-NfO. 
IV. Dielectric Relaxation Spectroscopy (DRS) 
Samples were prepared for the dielectric measurement by allowing them to flow above 
Tm in vacuum to cover a 20 mm diameter freshly polished brass electrode. To control the 
sample thickness at 0.05 mm, silica rod spacers were placed on top of the sample after it flowed 
to cover the electrode. Then a 10 mm diameter freshly polished brass electrode was placed on 
top of the sample and spacers to make a parallel plate capacitor cell which was squeezed to a 
gap of 0.05 mm in the Novocontrol Technologies BDS1400 preparation chamber (Montabaur, 
Germany), heated under vacuum of about 10-2 Torr. Dielectric measurements were performed 
using a Novocontrol Technologies Alpha High Resolution Broadband Dielectric/Impedance 
Spectrometer (Montabaur, Germany) with 0.1 V excitation and no bias in a dry nitrogen 
environment. Semi-crystalline B-PIL and amorphous P-PIL samples were heated above 100 
°C (which was above Tm for all B-PIL samples) for 30 minutes until conductivity become 
constant from loss of water, and the spectra were obtained on cooling. The B-PILs remained 
amorphous during the cooling and there was no indication of crystallization.5 Data was 
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collected in isothermal frequency sweeps of 10-1 to 107 Hz from 150 °C to near Tg in steps of 
5 °C using a Quatro temperature control unit.  
V. DRS Analysis 
The dielectric spectrum can be analyzed in terms of the complex permittivity ε∗(ω), 
complex conductivity σ∗(ω), and complex electric modulus M∗(ω). These three quantities are 






, where ε0 is the vacuum 
permittivity.39 Although each quantity is related, the different formalisms emphasize different 
aspects for the underlying dielectric processes, and thus an appropriate formalism should be 
selected in accordance with the appropriate purpose. Figure 2 shows representative dielectric 
spectra for B-TFSI at 0◦C, similar to those for amorphous PILs reported in literature.19,23,31,32 
Specifically, the dielectric relaxation process in 𝜀′′(ω)  is hidden by the conductivity 
contribution which manifests as a plateau region in 𝜎′(𝜔) , while such contribution is 
suppressed in 𝑀′′(𝜔). Indeed, a peak in 𝑀′′(𝜔) is clearly observed, and is generally attributed 
to the conductivity relaxation representing the start of ion diffusion since its frequency is close 




Figure 2: Dielectric response of the backbone-TFSI at 0 °C in terms of (a) the complex 
permittivity (𝜀∗(ω)  = 𝜀′(ω) − 𝑖𝜀′′(ω) ) and the derivative loss 𝜀𝑑𝑒𝑟
′′ (𝜔) and (b) the real part 
of conductivity 𝜎′(𝜔), and the imaginary part of electric modulus 𝑀′′(𝜔) as a function of 
frequency. The peak frequency for 𝜀𝑑𝑒𝑟
′′ (𝜔), ωmax, and 𝑀′′(𝜔), ωM, is indicated by dashed 
arrows. The value of ωmax was estimated by fitting the derivative loss spectra with a derivative 
form of Havriliak-Negami (HN) function. 
Furthermore, the measurable temperature range for ωM is usually wider than that for 
ωmax, the frequency of maximal loss.
31 As a result, the ion transport mechanism has been 
investigated through the formalisms of 𝜎∗(𝜔) and 𝑀∗(𝜔) since the analyses can be performed 
by model-free approaches.17–19,31,32 On the other hand, the conductivity contribution can be 








   (1) 
In the derivative spectra (for example, see triangles in Figure 2(a)), the B-PILs and P-PILs 
exhibit a relaxation process around 103 Hz, close to the frequency of the onset of the plateau 
region in 𝜎′(𝜔) and the peak frequency in 𝑀′′(𝜔). The conductivity relaxation time obtained 
from 𝑀′′(𝜔) is generally shorter than that from 𝜀𝑑𝑒𝑟
′′ (𝜔), in agreement with our PILs.19,39 
Moreover, we found that the temperature dependence of the peak frequency in 𝑀′′(𝜔) was 
identical to that of the peak frequency in 𝜀𝑑𝑒𝑟
′′ (𝜔) (see Figure S1 of the supporting information). 
These results indicate that the dielectric relaxation process in 𝜀𝑑𝑒𝑟
′′ (𝜔) can be attributed to the 
ionic motions. We further fitted the derivative spectra with a power law fit (to account for the 
higher frequency contribution from electrode polarization) and a Havriliak-Negami (HN) 
function for the dielectric relaxation: 
𝜀der














β}  (3) 
in which A and s are constants, Δε is the relaxation strength, a and b are HN shape parameters 
(corresponding to high frequency skewness and breadth, respectively), and ωHN is a 








)−1/a  (4) 
In our study, the derivative formalism was chosen to estimate the temperature dependence of 
Δε as well as that of ωmax (∝ ωM). The fitting quality was confirmed by fitting the measured 
real part of permittivity 𝜀′(𝜔) by equation 3 with the same HN fitting parameters used for the 
fit of 𝜀𝑑𝑒𝑟
′′ (𝜔) (see black solid line in Figure 2(a)). Here, the electrode polarization observed in 
𝜀′(𝜔) at low frequencies was captured by a power law fit and the static dielectric constant at 




The complex shear modulus 𝐺∗(𝜔) = 𝐺′(𝜔) + i𝐺"(𝜔), with 𝐺′(𝜔) and 𝐺"(𝜔) being 
storage and loss moduli, at frequencies ranging from 0.1 to 100 rad s–1 was measured by using 
a strain controlled rheometer (ARES-G2, TA Instruments) with a custom fabricated parallel 
disk geometry having a 4 mm diameter.  The strain amplitude varied between 0.01 and 20% to 
acquire torques much higher than the minimum measurable torque in oscillation for the ARES-
G2 (𝑇min,osc = 0.05 μN m as specified by the manufacturer). The linear regime was confirmed 
by strain sweep measurements in which the values of 𝐺∗(𝜔) were independent of strain. The 
𝐺∗(𝜔) dependence on frequency was obtained in a temperature range from –26 to 100 °C under 
a nitrogen atmosphere. Prior to being loaded between the parallel plates, polymer samples in 
powder form were melted into 4 mm diameter disks with a thickness of about 1.5 mm. To 
estimate 𝐺∗(𝜔) for B-PILs in the amorphous state, the measurements at temperatures lower 
than Tm were performed immediately after quenching the loaded sample from a temperature 
higher than Tm. This procedure enables us to construct the composite curve of 𝐺∗(𝜔) over more 
than 10 decades of frequency, resulting in an estimate of the dependence of the characteristic 






Figure 3: Comparison of wide-angle X-ray scattering data between pendant and backbone PILs. 
X-ray scattering were acquired for the respective B-PIL at or above the Tm to account for 
differences in scattering due to the crystalline nature of the as-prepared B-PILs at room 











Table I. Correlation distances (from WAXS) and glass transition temperatures (from DSC) of 
B-PILs and P-PILs.  
 Backbone-backbone (Å) Anion-anion (Å) Pendant-pendant (Å) Tg (°C) Tm (°C) 
P-CPFSI  15 7.9 5.2 100 - 
B-CPFSI - 7.9 - 8 100 
P-NfO 15 7.8  5.0 128 - 
B-NfO - 7.8 - 28 125 
P-TFSI 15 7.6 4.8 50 - 
B-TFSI - 7.6 - -30 42 
 
Figure 3 compares the WAXS profiles for P-PILs and B-PILs with TFSI, CPFSI, and 
NfO counter-anions. Due to crystallinity in the B-PIL samples, WAXS patterns for B-PILs 
were recorded at temperatures above the respective B-PIL Tm to observe only the amorphous 
and ionic scattering (see Figure S2 for WAXS patterns of the semi-crystalline B-PILs). For P-
PILs, WAXS patterns were recorded at room temperature since the overall shape of the WAXS 
patterns is independent of temperature, even at temperatures well above Tg (see Figure S3 of 
the supporting information).16 In the pendant PIL scattering profiles, three peaks can be 
observed: the pendant-pendant correlation peak (qp), the anion-anion correlation peak (qa), and 
the backbone-backbone correlation peak (qb). In the backbone PIL scattering profiles, a 
significant peak at 0.8 Å-1 was observed that was independent of the type of counter-anion. The 
corresponding correlation length (7.8 Å) was comparable to the distance between imidazolium 
rings connected by pentyl groups with an extended zigzag conformation (7.2 Å). Since there 
are likely differences in electron density between ionic groups and alkyl groups, this result 
indicates that the scattering peak at 0.8 Å-1 is assigned to the ion-ion correlation peak. At 1.1 Å-
1, a consistent shoulder was observed, likely due to the amorphous halo from the 3-
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methylpentane group.43 Bragg’s law relates scattering lengths with correlation distances by the 
relation dx = 2π/qx, which are reported in Table I and agree with prior simulation/experimental 
work.16,22,23,34,44,45 Due to the absence of pendant groups in the B-PILs, there were no observed 
pendant-pendant and backbone-backbone correlation peaks at T > Tm.  
Scattering profiles also show that anion-anion correlation peaks do not change in 
equivalent pendant and backbone PILs with the same counter-anion at the same temperature.  
This observation may be attributed to the anion-anion correlation distance in the studied B-
PILs (approximately equivalent to the distance between subsequent imidazolium groups on the 
backbone chain) to be equivalent to the distance between imidazolium groups on subsequent 
side chains in P-PILs.   
 
 
Figure 4:  An additional X-ray scattering peak is emerged at 0.4 Å–1 for B-NfO as temperature 
decreases. In the plot, the wide-angle X-ray scattering pattern for (a) B-TFSI, (b) B-CPFSI, 
and (c) B-NfO at different temperatures spanning Tg and Tm are reported. The change in the 
WAXS pattern is monitored while cooling down from a temperature above Tm. 
Figure 4 shows the temperature dependence of WAXS pattern for B-PILs in a 
temperature range spanning Tg and Tm. The crystallization took place at temperatures between 
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Tm and Tg (see Figure 4(a)). Nevertheless, no additional peaks were observed for B-TFSI 
(Figure 4(a)) and B-CPFSI (Figure 4(b)). On the other hand, we found that for B-NfO, an 
additional peak at 0.4 Å−1 became more pronounced as temperature decreases and then its 
intensity became constant at temperatures below Tg, indicating a morphological change of B-
NfO. Comparing the chemical structure of counter-anions, we hypothesize that NfO anions 
form nanosegregated fluorine domains owning to their relatively long fluoroalkyl segments. 
Indeed, Pereiro et al.46,47 reported that fluoroalkyl segments can act as apolar groups in ionic 
liquids and form fluorinated aggregates showing a scattering peak around 0.4 Å−1.47 Since the 
nanosegregated fluorine domains are composed of mobile NfO counter-anions, they may be 
disrupted at elevated temperatures. 
 
Figure 5: (a) Differential scanning calorimetry heating profile of B-NfO shows a Tg of 28 °C 
and Tm of 125 °C. (b) Small-Angle X-ray scattering data of B-PIL NfO shows a thermally 
reversible ionic aggregation peak.  
To further investigate the observed morphological change of B-NfO, we performed 
small angle X-ray scattering measurements while varying temperature at scattering angles 
ranging from 0.02 to 0.1 Å−1. Figure 5 exhibits the thermal analysis obtained from DSC (left) 
and the scattering profile of B-NfO (right), showing a thermally reversible correlation peak at 
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0.053 Å−1 (d = 11.8 nm). In contrast to the WAXS profiles in Figure 4(c), the SAXS peak at 
0.053 Å−1 became more pronounced as temperature increased. Such a peak was not observed 
for B-TFSI, P-NfO, and B-CPFSI as shown in Figures S4−S6 of the supporting information. A 
similar SAXS peak was observed in a crystalline backbone PIL with a TFSI counter-anion.5 
However, the crystallization of the B-NfO sample did not occur in the experimental time scale, 
resulting from the absence of  clear sharp peaks in the WAXS profiles shown in Figure 4(c). 
Alternatively, we speculate that B-NfO forms fewer and weaker ionic aggregates with 
increasing temperature, since a similar small ionomer peak, assigned to the ion aggregation, is 
observed at 0.06Å−1 for ionomers with ionic liquid-based counter-ions.48 We propose that the 
different chemical features of NfO anions, such as the long fluoralkyl segments and the location 
of negative charges, play a key role in determining the morphology of B-NfO. However, further 
investigation is needed to understand why only B-NfO forms ionic aggregates and why its 
morphology depends on temperature. 
 
Rheological Measurements 
I. Complex Modulus  
Figure 6 displays the composite curve of the complex shear modulus 𝐺∗(𝜔) = 𝐺′(𝜔) +
i𝐺"(𝜔) for B-PILs. The obtained spectra at various temperatures were reduced at a reference 
temperature by using the method of reduced valuables: the angular frequencies are reduced 
with the viscoelastic shift factors 𝑎𝑇. The reference temperature was chosen as the temperature 
at which the peak frequency of 𝐺"(𝜔)  in the glassy zone is located at approximately 
107 rad s−1 and was approximately Tg + 50 °C for each B-PIL sample. The method of reduced 
valuables, i.e. the time-temperature superposition principle (TTS), worked well, in the 
measured temperature range for B-TFSI. However, TTS for B-NfO and B-CPFSI did not hold 
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in an intermediate temperature range where either crystallization or a morphological change 
(only for B-NfO) takes place. Therefore, the composite curve of 𝐺∗(𝜔)  at 𝜔𝑎𝑇 < 10
2 rad s−1 
was constructed such that an extrapolated line of 𝐺"(𝜔)  towards high frequencies overlaps 
with 𝐺"(𝜔) at ωaT > 102 rad s−1. 
 
Figure 6. Complex modulus 𝐺∗(𝜔) dependence on frequency for the B-PILs depends on the 
type of counter-anions. The complex shear modulus 𝐺∗(𝜔) = 𝐺′(𝜔) + i𝐺"(𝜔) for (a) B-TFSI, 
(b) B-CPFSI, and (c) B-NfO is plotted as a function of reduced frequency. The reference 
temperature is chosen as the temperature at which the peak frequency of 𝐺"(𝜔) in the glassy 
zone is located around 107 rad s−1. The missing points in Figures 6(b) and (c) are mainly due 
to the crystallizatio of B-CPFSI and B-NfO occurred during measurement. Rheological 
measurements in the amorphous state were performed by repeatedly heating the sample above 
Tm and subsequent quenching at the target temperature. The temperature range measured was 
from 15 to 130 °C. Black squares: storage modulus, Red circles: loss modulus. 
We observed typical linear viscoelastic responses for amorphous polymers.  When 
10−1 rad s−1  < 𝜔𝑎𝑇 < 10
5 rad s−1, the power law relationships of 𝐺′(𝜔)  and 𝐺"(𝜔)  with 
respect to frequency, i.e. 𝐺′(𝜔), 𝐺"(𝜔) ∝ 𝜔𝑛, were observed, while varying the power index 
(𝑛) from 𝑛 = 2 to 𝑛 = 1 2⁄  for 𝐺′(𝜔) and from 𝑛 = 1 to 𝑛 = 1 2⁄  for 𝐺"(𝜔). The observed 
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power law indexes are identical with those observed for ordinary amorphous polymers in 
rubbery and terminal zones. The rubbery plateau regime was not observed due to the 
insubstantial number of entanglements in the B-TFSI sample. The molecular weight 𝑀 =
2.0 × 104 g mol−1 of B-TFSI was estimated by fitting the rubbery and terminal zones with the 
Rouse model (see Figure S7). At frequencies ranging from 105 to 1011 rad s−1, the values of  
𝐺′(𝜔) increased with 𝑛 = 1 until 𝜔 = 107 rad s−1 and then approached to 𝐺′(𝜔) = 109 Pa, 
while the values of 𝐺"(𝜔) increased with 𝑛 = 1 and then started to decrease with increasing ω 
around 𝜔 = 107 rad s−1. This frequency regime can be potentially assigned to the glass-to-
rubber transition and glassy zones. Similar dependence of 𝐺∗(𝜔) over the measured frequency 
range was observed for B-CPFSI. On the other hand, for B-NfO, the  𝐺∗(𝜔) dependence on 
frequency ranging from 10−1 to 103 rad s−1, i.e. the terminal zone, was similar to that for B-
TFSI, while the  𝐺∗(𝜔) dependence on frequency in the glass-to-rubber and glassy zones for 
B-NfO, i.e., 103 rad s−1  < 𝜔𝑎𝑇 < 10
11 rad s−1, was different from that for B-TFSI. The 
values of 𝐺′(𝜔) increased more steeply (n=0.85) with increasing ω and the dependence of 
𝐺"(𝜔) on frequency became broader compared to those for B-TFSI. Similar broadening of 
linear viscoelastic spectra in the glass-to-rubber transition zone is observed in P-PILs.44 
Nevertheless, the longest relaxation time, calculated from the intersection of the two slopes of 
𝐺′(𝜔) and 𝐺"(𝜔) in the terminal zone, was 1.2 ms for B-CPFSI, 1.9 ms for B-NfO, and 2.2 ms 
for B-TFSI at the reference temperature. Thus, the molecular weights for the B-PILs 
investigated are similar to one another  
I. Chain Relaxation 
To characterize the polymer dynamics of B-PILs and P-PILs, the crossover frequency 
𝜔𝛼 of 𝐺
′(𝜔)  and 𝐺"(𝜔) in the glassy zone at each temperature was estimated by: 
𝜔𝛼(𝑇) = 𝜔𝛼(𝑇r)𝑎𝑇(𝑇)  (5) 
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where 𝑇r is the reference temperature. Figure 7 shows the dependence of 𝜔𝛼 versus inverse 
temperature plot for the B-PILs and the P-PILs. The crossover frequency 𝜔𝛼 was found to 
follow a Vogel-Fulcher-Tammann (VFT) type of temperature dependence over the measured 
temperature range: 




where 𝜔∞ is the high-temperature limit of the peak frequency, 𝑇0 is the Vogel temperature, and 
𝐷 is the so-called strength parameter. The estimated values are summarized in Table II. The 
values of VFT parameters depended on both the type of counter-anions and the charge 
placement.  








The estimated values are summarized in Table II. The trend of m versus Tg for PILs 
was opposite to that for non-ionic amorphous polymers for which, in general, lower Tg is 
correlated to lower fragility.49 The presence of the rigid imidazole ring on the side chains is 
expected to increase both m and Tg according to Kunal et al.
49 However, B-CPFSI and B-TFSI 
display a higher m value and lower Tg, compared to their P-PIL counter-parts. This can be 
explained by the movement of relatively large counter-anions below Tg observed only for the 
P-PIL samples. On the other hand, the PILs with NfO anions show relatively smaller m, 
although their Tg is the highest among the PILs studied. Comparing the chemical structure of 
NfO anions, we hypothesize that the relatively flexible fluoroalkyl segments and the difference 
in the ion-ion interaction between NfO anions and imidazolium cations in NfO anions influence 
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the trend of m versus Tg. However, further investigation is required to comprehensively 
understand the relationship between m, Tg, and the chemical structure of PILs. 
Table II. VFT parameters, D, and 𝑇0 for 𝜔𝛼 fragility, m, and glass transition temperature, 𝑇g of 
P-PILs and B-PILs.  
Polymer Sample D 𝑇0 (K) m 𝑇g (℃) 
B-TFSI 5.5 215 151 –30 
P-TFSI 9.7 250 63 50 
B-CPFSI 2.8 256 136 8 
P-CPFSI 9.6 285 56 100 
B-NfO 5.3 247 58 28 
P-NfO 8.2 321 71 128 
 
Dielectric Response 





Figure 7.  Temperature dependence of peak frequency from rheological measurements (𝜔𝛼) 
and from dielectric measurements (ωmax). 𝜔𝛼  in the glassy zone displays a VFT type of 
temperature dependence over the measured temperature range for B-PILs and P-PILs. Dashed 
lines indicate the best VFT fits with fitting parameters provided in Table II. The missing points 
of 𝜔𝛼 for B-CPFSI and B-NfO may be mainly due to the crystallization of the sample during 
rheological measurements. ωmax exhibits a VFT type of temperature dependence for B-PILs, 
but a VFT to Arrhenius type transition for P-PILs below the glass transition temperature. 
Dashed lines indicate the best VFT and Arrhenius fits with fitting parameters provided in Table 
III.  
 








A characteristic feature for the ion transport mechanism of PILs is that the ion 
conduction can be decoupled from the segmental motions of polymer chains near Tg.
9,30 Figure 
7 compares the temperature dependence of the peak frequency ωmax for the ionic motions with 
 D T0 (K) 𝐸𝑎 (kJ/mol) 
B-TFSI 5.6 212 - 
P-TFSI 6.1 248 118 
B-CPFSI 3.0 255 - 
P-CPFSI 4.2 300 125 
B-NfO 5.3 250 - 
P-NfO 10.8 263 108 
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that for segmental motions ωα. For P-PILs, the values of ωmax were captured by either VFT or 
Arrhenius equations:  
𝜔𝑚𝑎𝑥 =  𝜔∞ exp (−
𝐸𝑎
𝑅𝑇
) for T < Tg  (8) 
𝜔𝑚𝑎𝑥 = 𝜔∞exp (−
𝐷𝑇0
𝑇−𝑇0
) for T > Tg  (9) 
The dotted lines in Figure 7 are fits to equation 8 using the strength parameter (D) and Vogel 
temperature (T0) as fitting parameters, and to equation 9 using the activation energy (Ea) as a 
fitting parameter. The estimated values are summarized in Table III. The transition from VFT 
to Arrhenius behavior was observed in the vicinity of Tg, in good agreement with the literature 
reports for P-PILs.34 This result indicates the decoupling of the ion transport from the segmental 
dynamics since they showed a VFT type temperature dependence even below Tg. Stacy et al.35 
reported that the ionic conductivity below Tg for PILs with larger counterions is controlled by 
elastic forces, and exhibits an activation energy of the order of 100 kJ/mol, in good agreement 
with the value of Ea obtained in our study. On the other hand, the values of ωmax for B-PILs 
displayed a VFT type temperature dependence over the measured temperature range. 
Moreover, the agreement of VFT parameters from both the rheological and dielectric 
experimental data suggests that the ion motions for B-PILs are coupled to the segmental 
motions of polymers, which is further confirmed by a Walden plot discussed below. It should 
be also noted that the temperature dependence of ωmax for B-NfO is appeared to be captured by 
a single VFT equation across the temperature range where the morphological change is 
observed in the scattering data. This result suggests that the morphological change shows little 





Figure 8: Temperature dependence of the dielectric relaxation strength ∆ε for B-PILs (filled) 
and P-PILs (open) with TFSI (black), NfO (red), and CPFSI (blue) counter-anions. The value 
of ∆ε is estimated from the fit of der with equations 2 and 3. 
On the other hand, the dielectric relaxation strength ∆ε exhibited evidence of the 
formation of ionic aggregates in B-NfO. Figure 8 shows the temperature dependence of the 
dielectric relaxation strength obtained from the fit of the derivative loss with equation 2. 
Regardless of the type of PILs, the value of ∆ε followed the Onsager equation50 at temperatures 
well above Tg, indicating that the dielectric relaxation strength decreases with increasing 
temperature arising from thermal dipole randomization. In the vicinity of Tg, ∆ε decreased with 
decreasing temperature, resulting from the restriction of rotation/alignment of dipoles by 
neighboring dipoles. Similar behavior in ∆ε (or static dielectric constant) has been observed in 
ionomers including PILs.20,25,51 For B-NfO, a sharp drop of ∆ε was observed in a temperature 
range of 70 °C < T < 95 °C, similar to the temperature range where the morphological change 
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is observed in the scattering data. When ionic aggregates are formed, the value of ∆ε is usually 
considered to decrease because of the offset of the dipole moment of one ion pair by 
surrounding ion pairs. Therefore, such reduction in ∆ε for B-NfO suggests the formation of 
ionic aggregates as temperature increases.  
Comparing ∆ε between B-PILs and P-PILs, the magnitude of ∆ε for B-TFSI was similar 
to that for P-TFSI, while ∆ε for P-CPFSI was larger than that for B-CPFSI. On the other hand, 
the values of ∆ε for P-NfO was much smaller than that for P-NfO. For ionomer systems, the 
magnitude of ∆ε can be proportional to the product of the number density of ion pairs and the 
square of dipole moment of those ion pairs.26 Furthermore, for PILs with the same ion pairs, 
the value of ∆ε could be simply determined by the number density of ion pairs. Bearing this in 
mind, the larger ∆ε for P-CPFSI suggests that the number of conducting CPFSI anions in P-
CPFSI is larger than that in B-CPFSI. In contrast, the number of conducting NfO anions in P-
NfO is much smaller than that in B-NfO.  
Ionic Conductivity 
Figure 9 shows the ionic conductivity data for the B-PILs and P-PILs measured using 
DRS both as a function of temperature and scaled to Tg, to elaborate differences between the 
respective temperature scales. The charge densities of the B-PILs are similar to that of the P-
PILs, given the similarity in chemical structure of the repeat units of the two polymers. B-PILs 
exhibited higher conductivity on an absolute temperature scale, which is attributed to the lower 
glass transition temperatures, compared to equivalent P-PILs.  
Fan et al.31 has reported that the dynamics of PILs become independent of molecular 
weight once the molecular weight exceeds a certain critical molecular weight at which the 
segmental motion is observed in mechanical responses, i.e., polymeric behavior. Since the 
molecular weights of the B-PILs and P-PILs are near or exceed that critical molecular weight, 
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we can conclude that the molecular weights of these materials do not affect the observed 
conductivity (Figure 6 and S8). The lower Tg of B-PILs and corresponding higher conductivity 
compared to the equivalent P-PILs is attributed to the higher flexibility of B-PILs, which is 
consistent with prior experimental studies.5,20,52 Evans et al.5 found that the B-PIL with counter-
ion TFSI (Tg: -35 °C) exhibited higher conductivity than the equivalent P-PIL (Tg: 16 °C) when 
temperature is normalized by Tg. This difference was attributed to the more percolated pathway 
for the TFSI counter-anion in the B-PIL sample and was most apparent at the glass transition 
temperature of each respective material. However, as shown in Figure 9(b), Tg-normalized 
conductivity for our B-PILs exhibited lower conductivity than that for P-PILs regardless of the 
type of counter-anions. We speculate that acrylamide groups on the side chains of P-PILs of 
Evans et al. form hydrogen bonding to counter-anions, leading to lower Tg-normalized ionic 
conductivity. Moreover, it seems that the Tg-normalized conductivity for our P-PILs overlaps 
with that for our B-PILs when extrapolating toward high temperatures. These results suggest 
that the underlying ion transport mechanism for B-PILs and P-PILs is the same with different 
degree of decoupling of the ion transport from the segmental dynamics. 
                       
Figure 9: (a) The conductivity profiles of B-PILs and P-PILs from DRS is shown as a function 





Figure 10: (a) Relationship of the molar conductivity Λ to the structural relaxation rate ωα for 
P-PILs (filled) and B-PILs (open) with TFSI (black squares), NfO (red circles), and CPFSI 
(blue triangles). Because of the lack of data for B-TFSI, the insert shows the dielectric 
relaxation rate ωmax as a function of ωα. The value of Λ and ωα for LiCl in dilute limit is taken 
from ref.31 (b) Degree of decoupling,  is plotted as a function of fragility m. Green diamonds 
represent data from ref.31 for the ammonium-based PILs with various side-chain lengths and 
molecular weights. The green line is a guide for the eyes taken from ref.31 
Sokolov and coworkers proposed that the degree of decoupling shows a good 
correlation with the fragility m. According to their work, the degree of decoupling  can be 
estimated by plotting the molar conductivity Λ(= 
𝜎0𝑀0
𝑑
) as a function of ωα, the so-called 
modified Walden plot. Here, M0 is the molar mass of one repeating unit associated with one 
counter-anion. For B-TFSI, the measured temperature range for σ0 did not overlap with that for 
ωα, and therefore we estimated the value of  from the plot of ωmax versus ωα (see the insert of 
Figure 10(a)). Figure 10(a) shows the modified Walden plot for P-PILs (filled symbols) and B-
PILs (open symbols), indicating that P-PILs showed the decoupling behavior of the ion 
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transport from the segmental dynamics at low ωα, i.e., below Tg, while the ion transport for B-
PILs was coupled to the segmental motions. The degree of decoupling  was then estimated 
from a power law regime, i.e., Λ ∝ ωα
1−ε, observed at low ωα. Figure 10(b) compares the value 
of  with that from previous reports.31 For B-PILs, no correlation between ϵ and m was 
observed. On the other hand, we found that imidazolium-based PILs exhibited a stronger 
decoupling than other ion-conducting polymers although the trend of  versus m was similar. 
This result indicates that another factor, e.g., the correlation distance between backbones,16,22 
plays a role in the decoupling degree in addition to the fragility of polymers. 
4. Conclusions  
 This work explores the morphological, conductive, and rheological differences between 
imidazolium-based backbone and pendant PILs. Wide-angle X-ray scattering confirmed the 
morphology of the PILs and showed similar anion-anion correlation differences between 
equivalent B-PILs and P-PILs with the same counter-anions. However, dielectric relaxation 
spectroscopy revealed that B-PILs exhibited a higher ionic conductivity on an absolute 
temperature scale, while P-PILs showed both higher conductivity when scaled to the glass 
transition temperatures and conductivity below the glass transition temperature, attributed to 
the movement of the counter-anions among the side chains in P-PILs (difference in the degree 
of decoupling). Moreover, we found that the ion transport for B-PILs is coupled to the 
segmental motions of polymer chains, while that for P-PILs is decoupled from the segmental 
dynamics near Tg.  
Associated Content 
WAXS diffraction pattern for P-CPFSI at 25 °C and 0°C, WAXS diffraction patterns for B-
PILs at 25 °C, DSC thermograms and SAXS diffraction patterns for B-TFSI, P-NfO, B-CPFSI, 
complex modulus for B-TFSI, P-TFSI, P-CPFSI, and P-NfO, Modulus’’ and derivative of 
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permittivity function for B-TFSI and P-TFSI, and static dielectric constant as a function of 
frequency at varying temperatures for B-CPFSI and P-CPFSI.  
Supporting Information is available free of charge on the ACS Publications website at DOI: 
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